Despite a relatively 'uniform' fertile composition (Al 2 O 3 ¼ 2·194 ·47 wt %; Fo% ¼ 89·2 AE 0·3%; Cr# Spl ¼ 8·9 AE1·5%), the Montferrier peridotite xenoliths show a wide range of S contents (22^590 ppm). Most sulphides are interstitial and show peculiar pyrrhotite^pentlandite intergrowths and low abundances of Cu-rich phases. Sulphide-rich samples are characterized by strong enrichment in the light rare earth elements and large ion lithophile elements without concomitant enrichment of the high field strength elements. Such trace-element fractionation is commonly ascribed to metasomatism by volatile-rich melts and/or carbonatitic melts. S and Se (11^67 ppb), as well as S/Se (up to %12 000), are correlated with La/Sm. Cu, however, remains broadly constant (30 AE 5 ppm). These features strongly suggest that the percolation^reaction of such volatile-rich fluids has led to sulphide enrichment with an atypical signature marked by strong fractionation of the chalcophile elements (i.e. S vs Se and Cu). S-rich xenoliths are also characterized by high (Pd/Ir) N (1·2^1·9; where subscript N indicates normalized to chondrite), (Pd/Pt) N between 1·5 and 2·2, and (Os/Ir) N up to 1·85. Despite the relative uniform fertile composition of the xenoliths, Re/Os ranges between 0·02 and 0·18. 187 Os/ 188 Os is extremely variable even within a single sample and can be as high as 0·1756 for the most S-rich samples. Sulphides show highly fractionated and variable abundances of the highly siderophile elements (HSE) [0·03 (Pd/Ir) N 51283] and Re^Os isotopic composition (0·1155 187 Os/ 188 Os50·172). Such variation can be observed at the thin-section scale. Whole-rock and in situ sulphide data demonstrate that chalcophile and HSE systematics and the Os isotopic composition of the upper mantle could be significantly modified through metasomatism, even with volatile-rich fluids. These features highlight the complex behaviour of the HSE in fluid^rock percolationr eaction models and suggest a complex interplay between sulphide addition (crystallization or sulphidation) and partial equilibration of pre-existing sulphide. The specific fractionations observed in chemical proxies such as S and Se, Os and Ir, and Pd and Pt, as
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I N T RO D UC T I O N
The highly siderophile elements (HSE: Os, Ir, Ru, Rh, Pt, Pd, Au and Re) have recently been added to the suite of trace elements commonly analyzed in upper mantle samples. Unlike lithophile trace elements, which are controlled by major silicate and minor oxide phases, the HSE are carried by a set of trace phases including low melting point Cu^Fe^Ni sulphides (Lorand et al.,2008a , and references therein). The effects of metasomatism on HSE abundances and those of their companion chalcophile elements (including the semi-metals Se, Te, Bi and As) have been debated for the past 10 years. Integrated studies coupling mineralogical data on sulphides with whole-rock and in situ analyses of HSE and Re^Os isotopes provide compelling evidence that the chalcophile elements and HSE potentially offer an excellent opportunity to monitor the multistage metasomatic history of the lithospheric mantle in ways that are different from but complementary to those provided by incompatible lithophile elements (e.g. Alard et al., 2000 Alard et al., , 2002 Lorand et al., 2008a) . This stems from the extremely mobile and reactive nature of Cu^FeN i sulphides in the mantle, and the high solubility of S in magmas and C^H^O^S fluids.
The estimated S content of the primitive mantle is about 250 AE 50 ppm (McDonough & Sun, 1995) . Although the S contents of fertile peridotites from orogenic massifs support this estimate, peridotites hosted in alkali basalts commonly contain only a few tens of ppm S (Lorand, 1990; Ionov et al., 1992; Lorand et al., 2003a) . However, several xenoliths from the Montferrier volcano (Herault valley, southern France) have very high S abundances (up to 2000 ppm) with intergranular sulphides predominating over enclosed sulphides (Lorand & Conque¤ re¤ , 1983) . Given the geochemical characteristics of the Montferrier peridotites and the pronounced sulphide enrichment already documented (Lorand & Conque¤ re¤ , 1983; Cabanes & Briqueu, 1986; Fabries et al., 1987; Cabanes & Mercier, 1988; Lorand & Alard, 2001; Lorand et al., 2003a) , this xenolith suite offers a promising opportunity to shed some new light on metasomatic processes and on their consequences for the systematics of the HSE and 187 Os/ 188 Os in metasomatized subcontinental lithospheric mantle (SCLM). Therefore we have carried out an extensive study of 23 selected xenoliths from the Montferrier locality, including major-element and lithophile trace-element analyses, and detailed studies of sulphide and chalcogenide (S, Se) element geochemistry. HSE abundances and Os isotopic compositions of whole-rocks and sulphides were determined for key samples.
S A M P L E S A N D G E O L O G I C A L B AC KG RO U N D
Montferrier is a Tertiary volcano (Bellon, 1976 ) located near Montpellier (Languedoc, Southern France, Fig. 1 ). Gastaud (1981) obtained two K^Ar ages of 23·6 AE 0·6 and 26·6 AE 0·7 Ma for the Montferrier lava and the nearby Pouget dyke, respectively. The lava is basanitic (SiO 2 % 45 wt %; Mg-number ¼ 60, Ne Norm %10%) in composition. Along with other discrete volcanic bodies, mainly isolated dykes, it forms the small Montpellier volcanic province, which lies within an Oligocene graben delimited by two major fault systems, which are probably of Hercynian origin, the Nimes faults (oriented N-208) and the Cevennes Fault network (Fig. 1) . The age, location and chemistry of these magmatic rocks indicate that this volcanism is not related to that of the Massif Central volcanic province (Dautria et al., 2010) . Recent studies suggest that the Montpellier province is instead part of the Languedoc volcanic domain, which extends from the shore of the Mediteranean Sea (Agde) to the Causses. This domain is characterized by a long (Jurassic to Quaternary) history of sporadic volcanic activity (small volumes 52 km 3 ) now exposed mainly as plugs and dykes. Both the lavas and their entrained mantle xenoliths display Sr^Nd^Pb isotopic signatures intermediate between those of the French Massif Central (FMC) volcanic province and the Pyrenean peridotite massifs (Dautria et al., 2010) .
Two main volcanic products crop out at Montferrier: (1) phreatomagmatic hyaloclastic breccias of yellowish colour; (2) massive basanite lava occurring in a series of small intrusions. Both types of outcrop contain abundant peridotitic and very rare pyroxenitic xenoliths (Fabries et al., 1987) . The largest xenoliths occur in the breccias (up to 25 cm in diameter), and have an ovoid form (Luguet & Lorand, 1998) . In contrast, the basanite-hosted xenoliths are angular and smaller ( 15 cm in diameter); they are fresher than those hosted by the breccias, which exhibit a yellow-brownish colour owing to olivine alteration. However, the basanite-hosted xenoliths can have loss on ignition (LOI) values as high as those from the breccias ( Table 1) . Observation of several tens of hand-sample specimens suggests that overall the Montferrier peridotite xenoliths are relatively fertile and are mainly lherzolitic in composition, with a large proportion of cpx-rich lherzolites (cpx% ¼ 15^20), and contain up to %10% amphibole (AE phlogopite).
A NA LY T I C A L M E T H O D S
One to three thin (%30 mm) and thick sections (1002 00 mm) were made for each sample. Sulphide modal abundance was obtained by point counting using a grid or by image processing of chemical maps obtained by electron microprobe using a LINK energy-dispersive system in the GEMOC Analytical Unit (GAU). Results obtained by both methods are comparable. Silicate compositions when not reported previously (Cabanes & Briqueu, 1986; Fabries et al., 1987; Cabanes & Mercier, 1988) were obtained by electron microprobe analysis using a Cameca SX-50 electron microprobe at the GAU or a Cameca SX100 at the Service MicrosondeSud of Montpellier II University. Analytical conditions for silicates and oxides were: accelerating voltage 15 kV, sample current 20 Â10 À9 A, beam diameter %1 mm, 10s peak counting and 5s background counting on either side of the peaks. New sulphide compositions [i.e. not reported by Fabries et al. (1987) ] were obtained at the GAU using the CAMECA SX50 operated at the following conditions: accelerating voltage %20 kV, Cabanes & Briqueu (1986) . sample current 20 Â10 À9 A, beam diameter %2 mm; peak counting varied between 10 and 20s, and background counting was performed for 5^10s on each side of the peak.
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Five platinum group elements (PGE: Ir, Ru, Rh, Pt, Pd) and gold were determined on 10^15 g aliquots with a VG 353 PlasmaQuad ICP-MS system (University of Montpellier II) with external calibration standards. PGE and Au were preconcentrated by NiS-fire assay and Te-coprecipitation as described by Gros et al. (2002) and Lorand et al. (2008b) . Replicate analyses of an in-house peridotite standard (FON B-93) are reported below and attest to the excellent reproducibility of the method (Gros et al., 2002; Meisel & Moser, 2004; Lorand et al., 2008b) .
Whole-rock Re^Os data were obtained over a period of c. 10 years in three laboratories: CRPG (Nancy, France); the Open University (Milton Keynes, UK); GEMOC (Sydney, Australia).
At the CRPG (Nancy, France; 1998^2000), about 2 g of sample powder were spiked with 185 Re and 190 Os tracer solutions. In most cases, the samples were then desilicified in a reducing (HF^HBr) solution. This solution was dried down and redissolved in concentrated HCl, and then again dried down to drive off excess HF. The residue was digested in a Carius tube (Shirey & Walker, 1995) at 2308C using a 2:1 mixture of HCl and HNO 3 . Os was extracted by double distillation (Shirey & Walker, 1995) and further purified through microdistillation (Birck et al., 1997) . For duplicates, Os was separated into Br 2 liquid (Birck et al., 1997) . Osmium was analyzed as negative ions on a Finnigan MAT 262 mass spectrometer in peak-jumping mode using an electron multiplier. Re was then extracted on one AG1X8 anion column following the procedure described by Reisberg et al. (1991) and then analyzed by isotope dilution on an Elan 6000 ICP-MS system. Seventy measurements of the DTM standard made during the period of the study yielded an average of 0·17398 AE 0·00040 (Peslier et al., 2000) . Os and Re blanks were (6 AE1) Â 10 À12 g g À1 and (18 AE12) Â 10 À12 g g
À1
, respectively. For duplicates, performed later in 2000, Os and Re blanks were in the range of (0·5^2·5) Â 10 À12 g g À1 and (4^8) Â 10 À12 g g À1 , respectively.
The Open University technique consists of the digestion of 1^2 g of sample and 185 Re^1 90 Os spike in inverse aqua regia in Carius tubes followed by solvent extraction (Shirey & Walker, 1995; Cohen & Waters, 1996) . Re separation was achieved after further solvent extraction and an anion column pass (Cohen & Waters, 1996) . Samples were run on a Finnigan MAT-261 mass spectrometer in negative thermal ionization mass spectrometry (N-TIMS) mode ). Further Re concentrations were conducted at GEMOC (Sydney, Australia). One gram of powder and the appropriate amount of 185 Re spike were digested in Savillex pressure vessels with HF^HBr at %1408C for several days. This step was repeated once. Then the dried-down solution was dissolved in double-distilled concentrated HCl. Once the HCl was dried down on a hot plate, the residue was taken into solution with 2 N HNO 3 . Re was then separated by solvent extraction following the method described by Birck et al. (1997) and then analyzed by isotope dilution on an Agilent HP7500c ICP-MS system. RSD on 10 ppt Re is 4·1 AE1·0%; blanks are c. (3·2 AE1·4) Â 10 À12 g g À1 (n ¼ 3). Four aliquots of UB-N yielded an average Re concentration of (0·2064 AE 0·0093) Â 10 À9 g g À1 in agreement with published data (Meisel et al., 2003) .
In situ PGE analyses were performed with the GEMOC laser ablation (LAM)-ICP-MS system (Alard et al., 2000) . The six PGE, Au, and Se were determined with a custom-built laser ablation system linked to an Agilent HP 4500 ICP-MS system (RF power, 1050 W). The laser is a Continuum Surelite I-20 Q-switched quadrupled frequency Nd:YAG laser delivering a 266 nm ultraviolet beam (Norman et al., 1996) . Ablation was carried out in a pure He atmosphere (0·85 l min per pulse and beam diameter of %60 mm. Raw data were processed online using the GLITTER software package (Griffin et al., 2008 (ReOsOA#4) with similar stoichiometry was used for Re. The similarity of the matrix between the standard and the analyzed sulphide allows straightforward processing of the data. Typical detection limits, for the conditions described above, are lower than 30 ppb for all PGE except Ru and Rh, which showed an average detection limit of c. 60 ppb (see below).
In situ Re^Os data on sulphides were obtained using a Nu Plasma multi-collector ICP-MS system (Nu005) coupled to a laser ablation system at the GAU, following the method described by Pearson et al. (2002) . The laser ablation system is a Merchantek LUV266 nm operating at 5 Hz, with a beam energy of about 3^5 mJ per pulse; the spot size varied between 60 and 120 mm. Ablation was carried out in a He atmosphere. Measurements were made in static collection mode; masses 194, 193, 192, 191, 190, 189 ; the validity of this correction has been recently reassessed by Pearson et al. (2009) . Ir is introduced to the Ar component of the nebulizer gas stream, as a 'dry' vapour produced by desolvating an Ir solution (100 ppb) in a CETAC MCN6000, and is used to measure the mass bias of the instrument for correction of Re and Os. Daily analysis of Ir^Os, Ir^Re and Re^Os solutions shows that the fractionation behaviour and relative fractionation coefficients for Os, Re and Ir are internally consistent 
S I L I C AT E P E T RO G R A P H Y A N D G E O C H E M I ST RY Petrography
The 23 peridotite xenoliths investigated during this study were all equilibrated in the spinel facies. Calculated equilibrium temperatures from pyroxene core compositions (Brey & Ko« hler, 1990 ) yield a very narrow range, from 830 to 9008C (average T BK90 ¼ 860 AE 218C; uncertainty is 1SD; n ¼12). A garnet^spinel-bearing pyroxenite was reported by Fabries et al. (1987) with equilibrium conditions of T BK90 ¼ 860 AE 288C and P N&G85 ¼14 AE1 kbar (Nickel & Green, 1985) . The homogeneous temperature conditions suggest that all xenoliths were derived from a restricted volume of mantle at relatively shallow depth (%40 km); however, fO 2 is highly variable [À2·7 Álog fO 2 þ0·6, relative to the Fayalite^Magnetite^Quartz (FMQ) buffer, estimated using the formulation of Balhaus et al. (1991) ]. Although equant and tabular granuloblastic microstructures occur occasionally, most (70^80%) of the peridotites have a porphyroclastic microstructure (Fig. 2) . The relative proportions of porphyroclasts and neoblasts, as well as their average sizes, are variable, and textures range from coarse deformed to sheared varieties. The former exhibit spinels still associated with large orthopyroxenes. Porphyroclasts are large (%0·5^1cm) and contiguous, and the proportion of neoblasts (100^500 mm) is below 20%. The sheared microstructure is characterized by a much higher proportion (c. 80%) of small neoblasts (1005 0 mm) and elongated porphyroblasts aligned with scattered spinel (Cabanes & Briqueu, 1986; Fabries et al., 1987) . These previous studies ascribed the extremely deformed sheared microstructure of the xenoliths to low-temperature (%8008C), high-stress deformation related to the tectonic activation of the nearby Cevennes^Nimes fault system (Fig. 1) , suggesting a lithospheric scale for these crustal faults.
As suggested by the systematic study of hand-sample specimens, all the xenoliths are fertile lherzolites with a roughly constant modal composition: olivine 50 AE10% (Ol, AE1SD), orthopyroxene 29 AE 7% (Opx), clinopyroxene 15 AE 3% (Cpx) and spinel c. 1·5 AE 0·7% (Spl). The proportion of pale brown amphibole ranges from 0 to %10%. This uniform fertile bulk composition is reflected in the mineral compositions: forsterite contents vary between 88·7 and 90·0% (average ¼ 89·3 AE 0·3) and Cr# Spl [100Cr/ (Cr þAl)] is confined to a narrow range between 5·5 and 10·6 (average 8·9 AE1·5). Amphibole occurs as disseminated crystals (not as veinlets) within the neoblast matrix and is a Ti (calcic)-pargasite (CaO ¼10·4 AE 0·2 wt %).
Minor amounts of phlogopite (5 1%) also occur. Microstructural evidence led Cabanes and co-workers (Cabanes & Briqueu, 1986; Cabanes & Mercier, 1988) to conclude that amphibole crystallization was synchronous with the deformation leading to the sheared microstructure.
Major elements and lithophile trace elements
In agreement with the petrographic observations, whole-rock major-element contents ( McDonough & Sun (1995) ]. The chondritenormalized REE patterns could be described as a continuum between two 'end-members', with 'depleted' and 'enriched' REE patterns (Fig. 3) fractionations, remains weak and suggests that these rocks have experienced only very limited melt extraction ( 5%). The 'enriched' pattern is characterized by a HREE^MREE (middle REE) segment similar to that displayed by the 'depleted' samples^and a steep LREE segment with (La/Sm) N as high as 14·4. Figure 3a shows that as the patterns evolve progressively from the 'depleted' towards the 'enriched' types, first only La is enriched Phase:
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e, enclosed sulphide; i, intergranular sulphide; Mss, monosulphide solid solution; Pn, pentlandite; Po, pyrrhotite; Cp, chalcopyrite; M/S, metal to sulphur ratio (Fe þ Ni þ Co þ Cu)/S computed in at. %. Mtf-37
Breccias hosted
Pg-2 Fig. 3 . Whole-rock incompatible trace-element patterns: (a) rare earth elements normalized to chondrite; (b) extended incompatible trace-element patterns normalized to primitive mantle values. Black squares, basalt-hosted amphibole-rich (4 1%) xenoliths; white squares, breccia-hosted amphibole-rich (4 1%) xenoliths; black circles, basalt-hosted amphibole-poor xenoliths (5 1%); white circles, breccia-hosted amphibole-poor (5 1%) xenoliths; chondrite and primitive mantle values are from McDonough & Sun (1995). relative to Ce (e.g. Pg-5; Mtf-37), then the enrichment 'moves to the right' and the less incompatible LREE such as Nd and Pr are affected (e.g. Mtf-10, Pg-6). Ultimately, as in Pg-3, the most incompatible of the MREE (i.e. Sm, Eu AE Gd) are affected. The 'depleted' or 'enriched' nature of the xenoliths does not correlate with the type of host volcanic rock. The most LREE-enriched xenoliths (e.g. Pg-3; Pg-6) are amphibole-rich, yet several amphibole-poor samples (e.g. Mtf-10) also show (La/Sm) N 41. Conversely, several amphibole-rich samples have (La/Sm) N 51 (e.g. Pg-43).
The extended trace-element patterns (Fig. 3b) show that the LREE-depleted samples also have low Th, Nb and Ta abundances but display a significant positive U anomaly relative to Th, leading to (U/Th) PM Figure 3 shows that the evolution from one pattern to another is continuous and is mainly driven by the variation of the LREE and LILE (especially Th) contents whereas the levels of HREE (AE MREE) and HFSE remain constant throughout the enrichment process (Fig. 4) . Both U and Th are enriched as La rises relative to Sm, but Th shows a much steeper trend.
S U L P H I D E O C C U R R E N C E A N D C O M P O S I T I O N
The modal abundance of sulphides in the xenoliths, as estimated by point counting, varies from 0·013 to 0·19% (relative error is estimated at c. 20%). Given the relatively uniform fertility of the Montferrier xenoliths, such a large variation is unexpected. Furthermore, although low modal abundances of sulphide are common in alkali-basalt hosted peridotite xenoliths (Lorand, 1990; Ionov et al., 1992) , the upper part of the range is extremely unusual. For comparison, the sulphide content of the primitive mantle can be estimated to be c. 0·070 AE 0·015%, assuming 250 AE 50 ppm of sulphur (McDonough & Sun, 1995) and a typical monosulphide solid solution (S mss ¼ 36 wt %). Overall, sulphides are abundant (i.e. 40·02%) to extremely abundant (i.e. 40·07%) in the Montferrier xenoliths relative to neighbouring localities in the Massif Central and Languedoc (Lorand & Conque¤ re¤ , 1983; Lorand, 1990; Lorand & Alard, 2001; Lorand et al., 2003a) . In addition, the sulphide occurrence, grain size and mineralogy (and thus composition) are unusual in many aspects. Most strikingly, 99% of the investigated sulphides are interstitial; few sulphides (n ¼ 5; Lorand & Conque¤ re¤ , 1983) have been found as inclusions in the primary silicates.
The rare enclosed sulphides were found in porphyroclasts. They have spherical shapes, with diameters ranging between 20 and 50 mm. Their petrographic characteristics are similar to those of primary sulphide inclusions in other mantle-derived xenoliths; that is, Type-1 sulphide of Alard et al. (2000 Alard et al. ( , 2002 and Lorand & Alard (2001) for the Massif Central and the Languedoc xenoliths. Enclosed sulphides are formed of Ni-rich and Ni-poor mss (Table 2 , Fig. 5 ) in roughly equal proportions, with minor amounts of pentlandite and chalcopyrite (not analysed). Such modal compositions are typical of primary inclusions in moderately depleted peridotites from the subcontinental lithosphere (Lorand & Conque¤ re¤ , 1983) . The sulphide inclusions are devoid of low-temperature alteration phases such as iron hydroxide. The major-element compositions of the Ni-rich mss (Ni up to 15·2 wt %) and Ni-poor mss (Ni c. 7 wt %) as well as the compositions of the pentlandite and chalcopyrite are provided in Table 2 . Combining the modal abundances of the sulphide phases and their compositions yields a bulk composition for the silicateenclosed sulphides; this composition is characterized by a S content of c. 38·5 wt %, a metal to sulphide ratio (M/S) of about 0·9, and a (Ni þ Co)/Fe atomic ratio of c. 0·37.
Interstitial sulphides have shapes, sizes and mineralogy significantly different from those that are enclosed. They display angular forms in textural equilibrium with the surrounding olivine neoblasts (Figs 2 and 7). They are also fairly large, most being several hundred micrometres across; a few sulphides, such as those in Pg-41, are up to a millimetre across. Although sulphides and amphiboles both occur within the matrix, there is no systematic relationship between these two phases; a sulphide^amphibole spatial association is observed only occasionally, in samples in which amphibole is particularly abundant (i.e. 45%, e.g. Pg-6; Fig. 2 ). The polygonal and interstitial sulphides are mainly composed of Ni-poor (Ni51wt %; M/S ¼ 0·95 AE 0·05 at. %) pyrrhotite (po; . Although the degree of alteration from grain to grain within one sample is extremely variable ( Fig. 2 ), marked differences in the average abundance of Fe-oxyhydroxides between breccias and basalt-hosted xenoliths have been demonstrated by Luguet & Lorand (1998) and are confirmed here (Fig. 6 ). The breccia-hosted xenoliths contain large amounts of Fe-hydroxides (up to 75% of sulphide grains are altered); in contrast, the lava-hosted xenoliths contain a smaller proportion of altered sulphide grains (0^20%). We found no correlation between LOI and the degree of alteration of the sulphide (Table 1) . Major sulphide phases (i.e. po, pn and cp) occur in bimodal (i.e. pn^cp) or trimodal (po^pn^cp) assemblages. These two sulphide assemblages are characterized by two different microstructures (Lorand & Conque¤ re¤ , 1983, fig. 9 ). Two-phase grains are composed of blocky pn and cp, both sulphides representing primary precipitates. Three-phase grains invariably display a pyrrhotite matrix containing abundant flame-like pentlandite exsolution blebs (up to 40^50 vol. %; Figs 2i and 7). Chalcopyrite occurs either as thin films at the po margin or cross-cutting the po. The relative proportions of the major sulphide phases are extremely variable from sample to sample. Furthermore, for the breccia-hosted xenoliths, accurate estimates are difficult to obtain owing to the effects of supergene weathering. Recast from unaltered sulphides, po proportions vary from 31 to 70%, pn from 32 to 63% and cp from 0 to 17% of the total sulphide (Table 3 ). Figure 8a shows that the relative proportion of po varies positively with the modal abundance of sulphides; Pn shows the opposite behaviour (Fig. 8b ). Cp modal abundances do Table 3 ). Grey circles, silicate-hosted sulphide (Fabries et al., 1987) ; black squares, basalt-hosted amphibole-rich samples; open squares, basalt-hosted amphibole-poor samples; black circles, breccia-hosted amphibole-rich samples; open circles, breccia-hosted amphibole-poor xenoliths; black star, average composition of sulphide inclusions in peridotite xenoliths from the Massif Central and neighbouring volcanic districts (Lorand & Conque¤ re¤ , 1983) ; open star, average composition of interstitial sulphide in the Pyrenees orogenic peridotite massifs (Lorand, 1989) . (b) Single sulphide analyses obtained by electron microprobe (Table 2) . Grey circles, sulphides enclosed in silicates (Fabries et al., 1987) ; black square, interstitial sulphides in Pg-6 (a basalt-hosted amphibole-rich sample); open squares, interstitial sulphides in Mtf-37 (a breccia-hosted amphibole-rich sample); dashed lines link the coexisting phases; HPo, hexagonal pyrrhotite; MPo, monoclinic pyrrhotite; Tr, troilite; Pn, pentlandite; Pdy; polydymite; Mi, millerite; Gs, godlevskite; Vi, violarite; at% denotes atomic per cent. (c) Average bulk sulphide composition by sample; symbols as in (a) and mineral name abbreviations as in (b) (see Tables 2 and 3) . not show such correlations (Fig. 8c) , partly because of low-temperature alteration that remobilized Cu as valleriite. Two-phase sulphide grains (pn^cp) have been observed in the pn-rich but sulphide-poor lherzolites, whereas three-phase sulphide grains (po^pn^cp) are pyrrhotite-rich and predominate in sulphide-rich lherzolites. Although the major-element composition of each phase is relatively constant in all samples, the strong modal evolution produces significant variations in the bulk composition of the sulphide. As sulphur contents and sulphide abundances increase, the M/S and (Ni þ Co)/Fe of the bulk sulphide decrease ( Fig. 8e and f) .
Whole-rock S contents vary from 7 to 592 ppm, and are well correlated with sulphide modal abundance. Five samples have S contents higher than that estimated for the primitive mantle (i.e. 250 AE 50 ppm; McDonough & Sun, 1995) . However, S content varies irrespective of fertility indices such as Al 2 O 3 (Fig. 9) , CaO%, Fo%, Cr# Spl , or HREE content (not shown). The lack of covariation between S and fertility indices is common for alkali-basalt hosted xenotliths and has often been ascribed to S-loss by late, low-temperature weathering (Lorand, 1990) . This issue could be significant, especially for the breccia-hosted xenoliths, for which sulphide alteration can be as high as 73%. Alteration-corrected sulphur contents (S*, see Table 1 ) range between 38 and 621ppm (Fig. 10 ). This range is far too large to be reconciled with the modest variability in fertility that characterizes our sample suite, and the relationship between S* and Al 2 O 3 remains poor. In contrast, there is a good correlation between S* and REE fractionation as monitored by the La/Sm ratio (Fig. 11a) .
Cu varies between 20 and 38 ppm and averages 30 AE 5 ppm (n ¼17, 1SD), which is similar to the primitive mantle value (%28 ppm; McDonough & Sun, 1995) . This is in agreement with the overall fertile nature of the Montferrier xenoliths. Thus the extreme S enrichment is not accompanied by a concomitant Cu enrichment. This confirms our previous observations regarding cp abundance, which was found to be low and independent of sulphide abundances in the most sulphide-enriched samples (Fig. 8c) . Furthermore, although there is some scatter, Cu shows a rough correlation with Al 2 O 3 as in the Pyrenean orogenic lherzolites (Fig. 9b) . No correlation was found between Cu and (La/Sm) N .
Se concentrations display a large range, between 11 and 67 ppb, and average 37·5 AE14·2 (Table 1) . In contrast to S abundances, Se abundances do not exceed the primitive-mantle estimate (i.e. 75 AE15 ppm; McDonough & Sun, 1995) . However, Se concentrations vary irrespective of fertility indices (Fig. 9c) and are broadly correlated with La/Sm N (Fig. 11b) as observed for S, whereas Cu and Se are not correlated. The relationship between Se and S or S* is not straightforward (Fig. 10) . Breccia-hosted xenoliths, which show high degrees of sulphide alteration, have S contents below 110 ppm and S/Se below 3000 (averaging 2178 AE 547; n ¼ 7). However, for the same samples, the S*/ Se ratio averages 3275 AE 806. These values agree with the S/Se ratio of c. 3120 for the UM reference peridotite xenolith suite of the Basaltic Volcanic Study Project (Morgan, 1986) and are within error of the chondritic ratio (2500 AE 200; Dreibus et al., 1995) . Many of these samples have (La/Sm) N 1 (Fig. 11c) . In contrast, basalt-hosted xenoliths, which show low degrees of sulphide alteration but high S contents, have S/Se ratios much higher than %3000, up to 12 000. These samples are also characterized by pronounced LREE enrichment relative to the MREE (Fig. 3, Table 1 ). The S/Se ratio shows a positive correlation with fO 2 (Table 1) . 
Amphibole-poor, basalt-hosted xenoliths
Amphibole-rich, breccia-hosted xenolith
Amphibole-poor, breccia-hosted xenoliths
Sulf (wt %), abundance of sulphide determined by petrographic observation including Fe-hydroxide, given in weight per cent; Alt-S%, degree of sulphide alteration in per cent (see Table 1 ); Po%, Pn%, Cp%, average modal proportion of pyrrhotite, pentlandite and chalcopyrite respectively obtained for the sulphide grains for a given sample corrected of Alt-S%; 'Other', other sulphide phases observed representing 51% of the sulphide mode; Vall, vallerite; Sm, smithite; Mw, mackinawite; n.d., not determined; S/M, sulfur-metal ratio [S/(Fe þ Ni þ Co þ Cu)] computed in at. %. Data were compiled from Fabriè s et al., (1987), Luguet & Lorand (1998) , Lorand et al. (2003) and the present study.
spanning the range of S contents. Data are reported in Table 4 . Re and Os abundances and the 187 Os/ 188 Os compositions of nine samples have also been determined but not on the same powder aliquots, and are also reported in Table 4 . The seven xenoliths analyzed show a narrow range of PGE concentrations (AEPGE ¼ 20^28·2 ppb) broadly similar to those obtained for the Massif Central xenoliths (Lorand & Alard, 2001 ) and the Pyrenean orogenic massifs . PGE contents and fractionation patterns are independent of the degree of sulphide weathering and of the fertility indices of the xenoliths (Fig. 12) . Ir varies between 2·3 and 4·6 ppb, and (Ru/Ir) N and (Rh/Ir) N ratios are remarkably constant (1·05 AE 0·10 and 1·22 AE 0·06, respectively). Relative to the Massif Central xenoliths, Pd contents are high, but similar to the Pd-rich Pyrenean peridotites. In terms of HSE fractionation the Montferrier samples resemble the average HSE pattern obtained for the Pyrenean lherzolites Becker et al., 2006) . (Pd/Ir) N and (Pd/ Pt) N are suprachondritic, and vary between 1·18 and 1·87 and between 1·46 and 2·17, respectively. (Os/Ir) N varies between 0·77 and 1·85. In contrast to the Pyrenean suite, the Table 3 ); (b) average pentlandite abundance (Pn%) vs sulphide abundance per sample (see Table 3 ); (c) average chalcopyrite abundance (Cp%) vs sulphide abundance per sample (see Table 3 ); (d) S bulk sulphide composition in wt % vs sulphide modal abundance; (e) bulk metal to sulphur ratio [M/ S ¼ (Fe þ Ni þ Co þ Cu)/S in at. %] vs sulphide modal abundance; (f) (Ni þ Co)/Fe vs sulphide modal abundance. Bulk sulphide compositions were obtained for each sample by recombining electron microprobe point analyses (Table 2 ) and modal abundances of sulphide phases obtained by point counting or image processing (Table 3) for more than eight sulphide grains (!50 mm) per section.
Pd/Ir ratio is independent of the Al 2 O 3 content. However, (Pd/Ir) N , (Pd/Pt) N and (Os/Ir) N are positively correlated with S (Fig. 12) , Se, S/Se and La/Sm. The increase of the Pd/Ir, Pd/Pt and Os/Ir ratios is due to the decrease of Ir, Ru, Rh and Pt contents with increasing S, whereas the Pd and Os contents remain roughly constant. This 'differential dilution' effect is also shown by the relationship between AEPGE and S (Fig. 12) . The Os/Ir ratios should be viewed with some caution as Os and Ir concentrations were obtained from separate powder aliquots by different techniques. However, the Os^Ir fractionation is supported by the existence of similar Os^Ir fractionation in the sulphides (see below). All samples have Au contents significantly higher than those of the Massif Central xenoliths (Lorand & Alard, 2001) , falling in the upper part of the range for Pyrenean peridotites . Re (0·156^0·464 ppb) and Re/Os (0·030^0·180) are not correlated with Al 2 O 3 but increase with S and Se and thus La/Sm (Fig. 12) . The 187 Os/ 188 Os for the nine samples analysed varies between 0·1246 and 0·1756 (Fig. 13) . The Os contents (and isotopic composition) are extremely variable between replicates, especially for the most S-rich samples (see Table 4 8·3; S4450 ppm]. Data are reported in Table 5 , and abundances normalized to primitive mantle values are shown in Fig. 14. There are significant differences in both absolute and relative concentrations between Mtf-37 and the other three samples. Mtf-37 sulphides have relatively homogeneous contents of the iridium group of the PGE (IPGE; Os, Ir, Ru) (i.e. 4 Ir 39 ppm), sub-chondritic Ru/Ir and Rh/Ir, and variable Pd and Re abundances [0·055(Pd/Ir) N 58·1; 0·045(Re/Os) N 54·2]. HSE patterns of the Mtf-37 sulphides are otherwise marked by negative Pt and Au anomalies. The HSE concentrations and patterns of the Mtf-37 sulphides are reminiscent of those of intergranular pentlandite from orogenic peridotites (Alard et al., 2000; Lorand et al., 2008a Lorand et al., , 2008b . The distribution of some HSE and other chalcophile elements (e.g. Se, As) has been mapped using the CSIROĜ EMOC Scanning Nuclear Microprobe facility (courtesy of C. Ryan). Ru, Rh and Pd determined by LA-ICP-MS for Mtf-37-S1 and Mtf-37-S3 agree well with the proton probe analysis of the same grain (Table 5 ; Fig. 14) .
S U L P H I D E H S E
However, the proton probe analyses of the same sulphides do not show negative Pt anomalies. As shown in Fig. 15 , Pt resides in a PtAs 2 micronugget in the S3 sulphide. The proton probe analyses the whole sulphide imaged down to %70 mm depth and thus includes the PtAs 2 nugget. In contrast, the LA-ICP-MS analyses are restricted to an area of 50 mm in diameter and a depth ranging between 40 and 60 mm, and obviously did not include the Pt nugget. Thus clearly the Pt-anomaly problem so often reported in LA-ICP-MS analyses of sulphide is a problem of volume sampling, and is thus ironically a caveat on the use of the high spatial resolution of the LA-ICP-MS technique.
Sulphides in Pg-5, Pg-41 and Pg-6 samples show two distinct HSE patterns (Fig. 14) . The first type (Type-1) has IPGE abundances similar to those of the Mtf-37 sulphides (9 Ir 45 ppm) and overall the normalized abundances of the HSE decrease smoothly from Rh to Au (Pd/ Ir 0·55). (Re/Os) N is lower than chondrite but varies widely between 0·02 and 0·81. Such negatively sloped patterns are reminiscent of the patterns of mss residual after melting (Alard et al., 2000) . Except for sulphide Pg-6-z3sF no Type-1 sulphides have Pt negative anomalies. Au seems to form a negative 'kink' between Pt and Re. The second pattern (Type-2) is characterized by strongly positive slopes (45Pd/Ir 1487), extremely low Ir abundance (0·65 ppm) and high yet widely variable (Re/Os) N (1·86 03). Although highly variable within a single sample, Pd/ Ir decreases as the proportion of Type-2 sulphides increases (see Fig. 14 caption) from Pg-5 (Pd/Ir ¼ 243 À1428), to Pg-41 (24^80) and Pg-6 (4^70). Osmium is clearly enriched relative to Ir [25(Os/Ir) N 560]. Although Au/Ir is highly variable owing to the Au negative anomaly, ratios as high as 246 have been obtained. Type-1 sulphides have higher Se abundances (%148 AE11ppm) than Type-2 sulphides (69 AE17 ppm). It should be noted that the two sulphide patterns cannot be distinguished in terms of microstructural occurrence or the modal abundances and composition of the sulphides (i.e. pn þ cp or po þ pn þ cp grains).
Taking into account the modal abundances of sulphides, mixing in various proportions of Type-1 and Type-2 sulphides accounts within error for the whole-rock abundances of Ir, Ru, Rh, Pd and Re in Pg-5, Pg-41 and Pg-6 (Fig. 14) . In contrast, whole-rock Os contents cannot be reproduced by the sulphide analyses; although Type-2 sulphides have high Os/Ir, their rather low Os abundances cannot explain the high whole-rock Os/Ir (See Table 5 ). This deficit suggests a missing carrier of Os (another mineral and/or fluid and/or mineral surfaces?). The highly variable abundances of Pd, Au and Re preclude such a calculation for Mtf-37, but the Mtf-37 sulphide composition and the estimated sulphide abundances broadly account for the whole-rock abundances of Os, Ir, Ru and Rh. Unexpectedly, the agreement between the whole-rock and the estimated bulk sulphide Pt content is reasonable. However, this may be due to analytical artefacts related either to the NiS fire assay technique, which does not ensure a 100% collection of Pt-rich micronuggets (Lorand et al., 2008b) , or to the sampling bias inherent in the high spatial resolution of the LA-ICP-MS technique (see above). For Au, the measured sulphide abundances clearly are much too low to explain the whole-rock abundances. Au is thus inferred to reside in another microphase not detected by the analytical methods used here.
Re^Os isotopic composition of single sulphide grains
Re^Os isotopic compositions were obtained on 64 sulphide grains in eight samples. Sulphides analysed for Re^Os isotopes were not previously analysed for HSE abundances. Data are reported in Table 6 and plotted in Fig. 16 . In considering these data, the reader must be aware of the limitations inherent in the LA-MC (multicollector)-ICP-MS technique and of the bias that these analytical limitations induce. (Fig. 16 ). The slopes of these trends are usually shallow. The range of 187 Os/ 188 Os is limited between 0·117 and 0·131. Where whole-rock data are available, the whole-rock value is within the trend defined by the sulphide data. These samples show otherwise moderate S abundances (27^180 ppm), S*/Se c. 3000 and (La/Sm) N between 0·6 and 3·8.
In contrast, as shown by Alard et al. (2002) , sample Mtf-37 is characterized in 187 Re/ 188 Os^1 87 Os/ 188 Os space by an unusual inverse correlation (Fig. 16 ). Pg-2 shows the same systematics. Both samples are LREE-depleted [(La/ Sm) N c. 0·6] but show high (U/Th) PM , c. 80 and 123, respectively. Both samples have highly altered sulphides and have S/Se ratios significantly below the PM and carbonaceous chondrite ratios. Sulphides can reach fairly radiogenic Os compositions (up to 0·145). The whole-rock Re^Os composition of Mtf-37 is consistent with the sulphide systematics. Sulphides in Pg-43, which has S/Se much higher than the chondritic value (%5500) and a high (U/Th) PM ratio (c. 44), display extremely diverse ReÔ s isotopic compositions: highly radiogenic Os compositions (i.e. 187 Os/ 188 Os ! 0·14) are found in both low-Re/Os and high-Re/Os sulphides. As a result of (1) the extreme variation obtained between aliquots of the whole-rock sample powder, (2) the low success rate of sulphide analyses and (3) the extreme variation of sulphide composition, we can hardly discuss the relationships between sulphides and whole-rock. Keeping on the safe side, it can only be said that both whole-rock and sulphide Re^Os composition are not mutually exclusive. For Pg-6, the most S-and LREE-rich sample studied here, 187 Os. One whole-rock analysis (0·136) plots on the trend defined by the sulphides; the other more radiogenic whole-rock data point does not. However, for the same reasons as advocated for Pg-43, we cannot here discuss the relationships between sulphides and whole-rock on a solid basis. Os AE2s
A.r, amphibole rich; A.p, amphibole poor; b, basalt-hosted xenolith; Bc, breccia-hosted xenolith. *Os and Re determined at CRPG (Nancy, France) after Carius tube digestion and TIMS, and isotope dilution (ID) ICP-MS analyses, respectively. yRe determined by ID-ICP-MS at the GEMOC laboratory (Australia). zOs and Re determined after Carius tube digestion and TIMS analyses at the Open University. Ir [ppb] Os [ppb] Pt [ppb] Re [ppb] S [ppm] Fig. 12. Whole-rock contents and relative abundances of the HSE vs S content. Symbols as in Fig. 8 except for the white cross over black filled squares, which denotes replicate analyses; N, CI-chondrite-normalized; continuous and dashed fine lines denote the primitive mantle abundance and associated uncertainties; primitive mantle and CI chondrite values after McDonough & Sun (1995) .
D I S C U S S I O N
An overview of the literature shows that the compositions of mantle samples can generally be accounted for by the superimposition of at least two processes: the first involves variable degrees of melt extraction during partial melting, whereas the second is related to the percolation (AE reaction) of a melt or a fluid through the peridotite matrix (i.e. metasomatism; Frey & Green, 1974) . Sulphur displays moderately incompatible behaviour during partial melting, roughly comparable with that of Al or the HREE, as shown by the positive correlation between Al 2 O 3 , Yb and S in orogenic peridotites (e.g. Lorand et al., 1999) and ultramafic xenoliths (Morgan, 1986) . The large variation of S abundances in the Montferrier samples could be interpreted within this framework: low S abundances result from partial melt depletion, whereas S abundances higher than estimated for the primitive mantle (PM) would be related to metasomatic enrichment. However, based on the data presented above this is clearly an oversimplified interpretation, which will be discussed further below.
Late-stage alteration
The low S abundance in some xenoliths (as low as 22 ppm) would require high degrees of partial melting (i.e. F % 20%; Fig. 9 ) which does not agree with the uniformly fertile compositions of the studied samples (F 5%). The detailed investigation of sulphide mineralogy has revealed the occurrence of two 'secondary' assemblages attesting to different stages of alteration. The first assemblage is characterized by the widespread but quantitatively limited formation of valleriite and mackinawite owing to serpentinization, inducing reduction and partial redistribution of Cu, Fe and S. The occurrence and abundance of this assemblage is independent of the nature of the host-rock of the xenoliths. This low-T reaction did not significantly disturb the Cu and S whole-rock contents, which vary irrespectively of the occurrence of valleriite and/or mackinawite (Table 3) . In contrast, except for Pg-3, all breccia-hosted samples with S contents below 110 ppm show high abundances of hydrous iron hydroxide (i.e. 425%). The abundance of hydrous iron hydroxide is dependent on the nature of the host-rock (Fig. 6) Fig. 11 ; long dashed lines connect replicate analyses; continuous and dashed fine lines denote the primitive mantle abundances and associated uncertainties after McDonough & Sun (1995). permeability of the volcanic breccias to meteoric water (Luguet & Lorand, 1998) . Thus, along with the amorphous nature of the hydrous iron hydroxide demonstrated by X-ray diffraction (Luguet & Lorand, 1998) , the relationship between the abundance of this phase and the host-rock type attests to the supergene nature of this alteration (Lorand, 1990; Luguet & Lorand, 1998) . Thus, as proposed by Lorand (1990) , sulphur has been leached out by 
All data are given in ppm. n.a., not analysed; 5, below detection limit. *Bulk proton probe analysis (see Fig. 14) ; uncertainty is c. 10% (1s).
pervasive weathering (hydrous iron hydroxide contains less than 0·5 wt % of S). Because the affinity for O decreases from S to Se, and SeO 2 is a solid compound in contrast to SO 2 and SO 3 (see Dreibus et al., 1995) , Se is more resistant to supergene weathering. Therefore Se is a more robust indicator of chalcogenide abundance than S (Lorand et al., 2003a ). This conclusion is reinforced by the fact that the S*/Se ratio (S* ¼ S abundance corrected for the percentage of weathering; see Table 1 ) of the breccia-hosted xenoliths is within error of the primitive mantle ratio. Furthermore, LA-ICP-MS analyses of variably altered sulphides in Mtf-37 do not show Se variation. The abundance of Cu in both breccia and basalt-hosted xenoliths shows similar ranges, suggesting that Cu is not affected at the whole-rock scale by supergene weathering (Handler et al., 1999) . The similarity in HSE abundance between the two groups of xenoliths and the lack of correlation with LOI indicates that HSE abundances are insensitive to weathering. Therefore no specific HSE fractionation, including Os and Pd, the most mobile HSE, can be ascribed to weathering. For instance, the whole-rock analysis of Mtf-37 displays broadly chondritic . Bold black line denotes whole-rock HSE patterns recalculated as a homogeneous 'bulk' sulphide, assuming all HSE are in sulphide; sulphide abundance is derived from whole-rock S* (Table 1 ) and the S content of the bulk sulphide (Tables 2 and 3) , Thick grey line is the reconstructed bulk sulphide obtained as follows: HSE compositions from each Type-1 and -2 sulphide are averaged for each sample (Table 5) , then the proportion of each of the two sulphide pattern types is obtained by least-squares methods to provide the best fit to the whole-rock pattern; the proportion of each sulphide type (i.e. X 1 and X 2 ) is given for each sample below except for Mtf-37, in which distinction between Type-1 and -2 sulphide was not possible. (a) Mtf-37; two sulphides (triangles, MTF-37-S3; circles, Mtf-37-S1) were first analysed by proton probe (filled symbols) before LA-CPMS analyses (open symbols) (see also Fig. 14 and Os/Ir and superchondritic Pd/Ir, despite c. 73% sulphide alteration. This is in contrast to the loss of both elements relative to Ir expected from alteration (Handler et al., 1999; Pearson et al., 2004) . In fact, unlike xenoliths ejected along with oxidized scoria, the Montferrier xenoliths probably escaped high-temperature devolatilization of S, Se, Os and Pd (Lorand et al., 2003a) . Such a categorical conclusion cannot be reached for Re. Indeed, breccia-hosted samples, which have the most altered sulphides, also have the lowest bulk-rock Re contents and Re/Os well below primitive mantle values. This relationship could suggest the loss of Re during sulphide alteration. However, these samples have low Se and S* abundances suggesting low primary chalcophile-element and Re abundances owing to partial melting. Given the highly radiogenic composition of the crust (Esser & Turekian, 1993) , the radiogenic compositions of several of the whole-rock aliquots (as high as 0·175) could be related to supergene weathering. However, the less altered xenoliths (basalt-hosted) show the most radiogenic compositions. Following a similar line of reasoning we conclude that the highly radiogenic Os-isotope composition is also not related to serpentinization, as this process affects nearly all of the samples to some extent, rather than being limited to the radiogenic samples.
The Montferrier 'protolith'
Numerous similarities have been recognized between the Montferrier xenoliths and the Pyrenean orogenic peridotites (e.g. Fabrie' s et al., 1987) . These include: (1) the highly fertile compositions of the lherzolites; (2) abundant sheared microstructures; (3) pressure and temperature conditions (i.e. spinel peridotite and garnet pyroxenite); (4) the occurrence of disseminated amphibole; (5) we note that our new data reinforce the resemblance between these two mantle samples. In particular, in situ Os data for residual sulphides (see below) yield 187 Os/ 188 Os % 0·115 as found for the Pyrenean peridotites (Reisberg et al., 1991; Becker et al., 2006) . The data indicate that the two mantle segments underwent a major melting event at c. 2·2 AE 0·2 Ga (Re-depletion age, T RD ). Moreover, whole-rock PGE systematics from the Pyrenean peridotites and the Montferrier xenoliths share the same superchondritic Pd/Ir, Ru/Ir and Rh/Ir. However, Le Roux et al. (2007) showed convincingly that the fertile nature of the lherzolites from the type Pyrenean locality (Lherz) is not a primary characteristic, but is due to the percolation of asthenospheric melts through a refractory harzburgite matrix. Therefore what we consider here as a 'protolith' for simplicity's sake, could well be an intensively modified lithospheric mantle.
Metasomatism
Alteration cannot explain the S contents higher than the PM value, nor the extremely high S/Se ratios of some samples. As shown in Fig. 11 , the correlations between S, Se Pg-45
All sulphides are interstitial; A, B, C, D, thick section identifier; s, sulphide number; SE, standard error. Only ratios can be obtained with this technique; Os and Re abundance cannot be computed as no internal standards were analysed during the analysis. and La/Sm suggest a relationship between chalcogenideelement enrichment and the metasomatic events recorded by the lithophile trace-element signatures of the silicate minerals.
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Lithophile trace element fractionation
Through the study of the incompatible trace element (ITE) patterns (Fig. 3) we can discuss, and partially constrain, the metasomatic history of the Montferrier xenoliths.
First of all, it is apparent from Table 1 that the enriched or depleted LREE characteristics of the Montferrier xenoliths are not related to the occurrence and/or abundance of amphibole. As shown in Fig. 3 , the REE fractionation in the Montferrier xenoliths ranges between two types of chondrite-normalized patterns: 'depleted' [(La/Sm) N 51] and 'enriched' [(La/Sm) N 41]. The evolution from one pattern to the other is continuous and seems to be controlled by a chromatographic effect (Navon & Stolper, 1987) . This implies that the peridotite matrix was progressively re-equilibrated with a small fraction (5 1%) of fluid, enriched in incompatible trace elements, that percolated through a cold mantle lithosphere. Such a conclusion is in agreement with the low equilibrium temperatures (porphyroclast core compositions) and the lack of obvious related modal metasomatic reactions (except sulphide addition). The LREE-enriched samples also display a pronounced LILE enrichment (especially U and Th) without concomitant HFSE enrichment. Many researchers have ascribed this so-called 'carbonatite' trace-element signature to the percolation of a carbonatite melt (e.g. Yaxley et al., 1991; Dautria et al., 1992; Ionov et al., 1993; Rudnick et al., 1993) . However, the LREE-enriched samples from Montferrier lack the metasomatic phases (carbonate and/ or secondary diopside) typically associated with carbonatite metasomatism. Furthermore, the constant Nb contents over the large range of LREE variation (Fig. 3) rule out a carbonatitic melt sensu stricto (e.g. Frezzotti et al., 2002) . Indeed, the exact nature and origin of the percolating melt or fluid is debatable. Carbonatites show a variety of trace-element abundances and fractionations (e.g. Bell et al., 1999) , which are not always compatible with those invoked by some models of carbonatite metasomatism. For instance, the fractionation of Nb^Ta is extremely variable relative to the LREE, as is the enrichment of U and Th relative to Nb^Ta and the LREE, in carbonatites worldwide. In addition, as reviewed by Bell et al. (1999) , carbonatite-like melts could be generated either by partial melting of the mantle or by magmatic differentiation. Similar incompatible trace-element patterns were also predicted by modelling of continuous reactions between a percolating asthenospheric silicate melt and the surrounding lithospheric peridotites (Bedini et al., 1997; Vernieres et al., 1997; Ionov et al., 2005 Ionov et al., , 2006a . Owing to the strong thermal gradient across the SCLM, the rising melt should evolve with decreasing volume through crystallization of successive phases and melt^rock reactions. Through these reactions the residual melt or fluid becomes more and more enriched in volatiles and incompatible elements. In such numerical simulations, LILE enrichment occurs in the upper part of the lithosphere-percolation domain at low rock porosity. The volatile enrichment should also significantly lower the viscosity, dihedral angles and crystallization temperature of the fluid and thus allow it to percolate into the upper and colder part of the SCLM (Minarik & Watson, 1995; Watson & Brenan, 1987) . Within this cold domain, fluid^rock exchange of trace elements should be dominated by chromatographic processes (Navon & Stolper, 1987; Bodinier et al., 1990) . From this discussion it is apparent that the incompatible trace element patterns of the 'enriched' Montferrier samples could be generated by various melts or fluids and through various processes. However, a common feature of all these fluids is their volatile-rich nature (i.e. C^O^H^S AE Cl).
The LREE-depleted samples display positive U anomalies, with (U/Th) PM as high as 124 for Mtf-37. Such U anomalies have been reported for SCLM peridotites worldwide (e.g. Ionov et al., 1995; Carigan et al., 1996) and are extremely common in the Massif Central and Languedoc peridotite xenoliths (Alard et al., 1996 Lenoir et al., 2000) . Because U is highly mobile in aqueous fluids, several researchers have suggested a supergene origin for such anomalies (e.g. Ionov et al., 1995; Carigan et al., 1996) . However, as suggested by Alard et al. (1996) and Lenoir et al. (2000) , this selective U enrichment is probably a mantle feature. The mantle origin of this anomaly is here strongly suggested by the fact that both U and Th contents increase as the LREE enrichment relative to HREE increases. Such LILE and LREE enrichments must occur under mantle conditions. Therefore, two scenarios can be envisioned: first, the U anomaly is an inherited feature that was overprinted to different degrees during the LREE þ LILE enrichment described above; second, this anomaly is produced by the same fluid through percolation^reaction and associated trace-element fractionation. The partition coefficient of U is largely dependent on its oxidation state (U 4þ or U 6þ
; Brenan et al., 1995) . Thus, based on the differential behaviour of U and Th, it could be argued that the metasomatic agent must be oxidizing to have U present in its more oxidized form U 6þ , which will considerably increase the charge mismatch (especially relative to Th 4þ and La
3þ
) and thus significantly lower D matrix/melt (U) and consequently increase the chromatographic velocity of U. Therefore, the chromatographic front of U will progress further (i.e. to shallower levels) than the chromatographic fronts of La and Th. Within this framework, the fluid responsible for the U anomaly and for the 'carbonatite' signature are genetically linked (Bedini et al., 1997) .
Fractionation of siderophile and chalcophile elements S contents and sulphide abundances are not correlated with the modal proportions of amphibole. Furthermore, there is no preferential and systematic petrographic relationship between sulphide and amphibole. Cabanes & Mercier (1988) described two types of amphibole, Ti-rich and Ti-poor pargasite, which they ascribed to two distinct metasomatic events, postdating and contemporaneous with the deformation, respectively. However, during this study we were not able to establish a clear link between LREE fractionation and/or sulphide abundance and composition on the one hand and the abundance and composition of amphibole on the other. As mentioned above, such amphibole also occurs within the Pyrenean orogenic peridotite massifs and could be part of what we consider here as the 'protolith' .
The net effect of the metasomatic event as estimated from the whole-rock analyses of the Montferrier xenoliths is a clear gain in S, Re, Au, (Se) and an increase in the Pd/Ir and Os/Ir ratios. The latter feature is due to a dilution of Ir, Ru, Rh and Pt at roughly constant Os and Pd contents. These observations suggest that the fluid involved was depleted in Ir, Ru, Rh and Pt, enriched in Os, Pd, Se, Au and Re, and extremely enriched in S. The effect of the volatile-rich metasomatism on the Re^Os isotopic compositions of the whole-rocks and sulphides is discussed elsewhere. Schematically we can consider two non-exclusive end-member scenarios: (1) sulphide precipitated by immiscibility from a volatile rich melt; or (2) pre-existing sulphide re-equilibrated with a volatile-rich fluid phase, with or without sulphidation reactions (i.e. formation of new sulphide).
All PGE, Se, Te and Cu have high sulphide^melt/silicate^melt partition coefficients (D410 3 ; e.g. Peach et al., 1990; Fleet et al., 1999) . High-density immiscible sulphide melts segregated from magmas do not strongly fractionate chalcophile from highly siderophile elements relative to silicate melt patterns. Re is the exception, as significant partitioning of Re into the silicate phase has been reported (Burton et al., 2002) . Additionally, under oxidizing conditions, spinels may potentially host large amounts of Re (Righter et al., 1998) . However, the mass-balance calculation, shown in Fig. 14, indicates that all the Re is hosted in sulphide. As far as we know Os and Ir have similar partitioning behaviour in a sulphide solid^sulphide melt system (see Ballhaus et al., 2006; Brenan, 2008) . Likewise, sulphide melts in equilibrium with basaltic melts have Pd/ Ir ratios within the range 1^100 (Rehka« mper et al., 1999; Be¤ zos et al., 2005) , not 41200, as shown by the three in situ analyses of Type-2 sulphide from sample Pg-5. In contrast to magmatic sulphide melts, vapour deposition of HSE and S can produce strong fractionation among the HSE. It has been suggested that oxidizing volatile-rich fluids can mobilize Os (Brandon et al., 1996) . Similar mobility and fractionation of these elements have been ascribed to super-critical fluids in subduction zone settings (Parkinson et al., 1998; McInnes et al., 1999) . Furthermore, several studies have suggested that Re could be extremely mobile as a volatile species (e.g. Lassiter, 2003) . Experimental work shows that under some conditions Os, Ru and Pd could be mobile in such fluids (Wood, 1987; Fleet & Wu, 1995) . Similarly, the most S-rich samples (i.e. the LREE-enriched samples) show S/Se ratios markedly higher than chondritic values (3000^12 000), which are inconsistent with a simple addition of immiscible sulphides via a melt during metasomatism. Previous data obtained for metasomatic sulphides resembling sulphide partial melt (Ballhaus et al., 2001) yield S/Se 2670 AE 525 (Lorand & Alard, 2001) , similar to S/Se values (1120^2500) of mantle sulphides residual after melting (Lorand & Alard, 2001; Hattori et al., 2002) . This suggests that the metasomatic agent preferentially transported S relative to Se. This difference in behaviour could result from the lesser affinity of Se for oxygen compared with S. Experimental work shows that partial melting of mss will produce a Cu-rich melt (e.g. Ballhaus et al., 2001 Ballhaus et al., , 2006 ; accordingly, most of the metasomatic sulphides associated with melt^rock percolation reaction described so far are Cu-rich (Alard et al., 2000 Lorand & Alard, 2001; Lorand et al., 2004; Luguet et al., 2004; Powell & O'Reilly, 2007) . In the Montferrier samples, sulphide mineralogy and whole-rock chemistry do not show Cu enrichment (Figs 5 and 7^9) . Therefore, the fractionation of elements (i.e. Pd, Os and S enrichment relative to Pt, Ir, Se and Cu, respectively), which usually displays similar 'magmatic' behaviour, is inconsistent with a scenario involving simple addition of a sulphide melt. Peregoedova et al. (2006) provided experimental evidence for transfer of Au4Ni4Cu4Pd^Pt4Ru^Rh^Ir at 1000^11008C in magmatic-vapour H 2 S, suggesting that other ligands (chlorine) are not necessary for transport of these elements. In more oxidizing highly saline fluids (Ni^NiOĤ ematite^Magnetite buffer; i.e. 05ÁlogO 2 55, relative to FMQ calculated at 9008C and 1·5 GPa), such as gas condensates from arc volcanoes, Yudovskaya et al. (2008) reported fluid/melt partition coefficients decreasing from Os (54·5) to Ni (15·9 AE10·7), Cu (12·4 AE 6·4), and Re (12·1 AE14·3), which show similar solubility to Au, whereas Pd is less concentrated. The covariation of Os/Ir^Pd/IrR e with S, coupled with the slight Au enrichment with respect to Pd in the Montferrier xenoliths, is thus consistent with the inferred affinity of these elements for oxidized, sulphurous vapour phases at magmatic temperatures. Thus, as suggested by Lee (2002) and Lorand et al. (2004) , superchondritic Os/Ir, Pd/Pt and high S/Se (4 10 000) could be symptomatic of metasomatism via oxidized fluids. However, the whole-rock budget of the Montferrier xenoliths does not simply result from cryptic re-equilibration between sulphides and a percolating volatile-rich fluid: it has also been modified through modal metasomatism. Indeed, as demonstrated by the correlations of sulphide modal abundances with whole-rock LREE enrichment, precipitation of S-rich Fe^Ni sulphides has occurred. This suggests that S was a dissolved species in the volatile-rich metasomatic fluid.
In situ PGE analyses identify two types of mantle-derived sulphide. Type-2 patterns (Fig. 14) are characterized by Os enrichment relative to Ir and chondrite-normalized HSE patterns with a marked positive slope [3·8 (Pd/ Ir) N 1280]. Such HSE abundances are inconsistent with a residual origin and instead indicate a metasomatic origin. The Type-2 metasomatic sulphides are predominant in extremely S-rich samples (i.e. Pg-6) and have been superimposed on a pre-existing sulphide assemblage (Type-1), inherited from the protolith. Type-1 HSE patterns, enriched in compatible PGE (Os, Ir, Ru, Rh) with respect to Pt and Pd, show the characteristics of mss residual after partial melting (e.g. Alard et al., 2000; Ballhaus et al., 2006) . The residual origin of Type-1sulphide is also attested by in situ Re^Os isotopic data, which include 187 Os/ 188 Os compositions as low as 0·117 at low 187 Re/ 188 Os (down to 0·026; Fig.16 ). In 'enriched' samples the two types of sulphide coexist at the thin-section scale; the ratio between Type-2 and Type-1 increases from 68:32 in samples displaying modest LREE enrichment to 86:13 in the most S-and LREE-rich sample, Pg-6. Mass-balance calculations for Pg-6 indicate that 120 ppm of S was inherited from the protolith and 480 ppm of S added through metasomatism.
Metasomatic sulphides are not in equilibrium with coexisting olivine, as shown by their Ni contents. Their bulk Ni contents, as estimated from 'enriched' xenoliths (Table 3) , are too low by c. 50% compared with sulphides equilibrated with olivine at 9008C, taking into account the Ni contents of Montferrier olivine (0·30 AE 0·03 wt % NiO) and the olivine^mss partition coefficient [(XNi/XFe) sulph /(XNi/XFe) ol ] of 33 (Clark & Naldrett, 1972) . The theoretically predicted Ni content is c. 30^32 wt %.
Although SO 2 occurs at high fO 2 (!FMQ þ1), H 2 S is the main sulphur species in mantle fluids (Eggler & Lorand, 1993) . Sulphidation reactions can occur via reactions between fluid and melts (see Ballhaus & Stumpfl, 1986) such as 
which was invoked years ago for the generation of magmatic sulphide ores (Naldrett & Gasparini, 1971) and investigated experimentally at 9008C by Libaude¤ & Sabatier (1980) . Lorand et al. (2004) have suggested that because Cu is a trace element in mantle olivine, metasomatic sulphides produced by sulfidation would be Cu-poor but Fe-rich. For 480 ppm S added (e.g., Pg-6), the Ni/S in metasomatic sulphides (13/36) converts to 150^200 ppm Ni added from the silicates; that is, just one-tenth of the bulk-rock Ni (2000 AE 200 ppm). Given the modal abundance of metasomatic BMS, any secondary opx derived from reaction (3) would be of very restricted volume, and would be difficult to detect by petrographic studies. For instance, olivine sulphidation [reaction (3)] produces a maximum of 0·2 wt % FeS (0·00227 mol %), corresponding to 0·00227 mol % of opx.
Conversion of residual sulphides by metasomatic fluids.
'Depleted' samples such as Mtf-37 do not show obvious sulphide enrichment. S* abundance is lower than estimated for the PM and the sulphides do not display Type-2 PGE patterns. However, this sample, and the other LREE-depleted lherzolites, are not devoid of metasomatic fingerprints. First, they display positive U anomalies. Second, whole-rock analyses have (Os/Ir) N , (Pd/Ir) N and (Au/Ir) N 41. Third, their sulphide mineralogy is not typical of mantle xenoliths and shows po^pn intergrowths similar to Type-2 metasomatic sulphides. Finally, in situ analyses of the Re^Os isotopic composition reveal an inverse relationship between 187 Re/ 188 Os and 187 Os/ 188 Os, which is hardly compatible with a residual origin for these sulphides.
Although Mtf-37 sulphides display only PGE patterns akin to Type-1 (i.e. high Os, Ir, Ru, Rh content), several sulphides display some coupled Pd þ Re enrichment relative to Ir, in addition to micronuggets of arsenic minerals such as PtAs 2 (Fig. 15) . The latter minerals probably were produced by reactions of Pt-alloys or Pt-bismuthotellurides (identified by spikes in time-resolved LAM-ICP-MS spectra) with an As-bearing vapour phase. Thus, PtAs 2 micronuggets crystallized at temperatures below or near 9008C (i.e. below the solidus of Cu^Fe^Ni sulphide assemblages), as Pt^Te^Bi microminerals are not stable at higher temperature in mantle peridotites (Lorand et al., 2008b) . Gold, Pd, and Re are the most incompatible HSE with respect to mss, as is arsenic, a highly volatile chalcophile element. Thus, we suggest that these selective enrichments of the most incompatible HSE þ As, independently of Cu, S and Se, may reflect a type of 'cryptic' metasomatism. In this model, pre-existing (primary) sulphides with sub-chondritic Pd/Ir, Au/Ir and Re/Ir ratios as a result of a previous melting event have been re-equilbrated locally with a percolating fluid rich in Pd^Au^Re^As. Chromatographic effects have been previously proposed as an explanation for the enrichment of specific zones of ore deposits in elements such as Pd or Au (Boudreau, 1999) and for the genesis of the Pd^Au^As magmatic orebodies that are associated with some BeticR if orogenic peridotite bodies (Torres-Ruiz et al., 1996; Narbonna-Guttierez et al., 2003) . This process must have occurred on a very small scale (thin-section scale), as suggested by the highly variable Pd/Ir and Re/Os ratios of Mtf-37 sulphides and the marginal occurrence of PtAs 2 micronuggets. The heterogeneous and discrete enrichment of the most incompatible HSE and fluid-borne elements is consistent with the U enrichment that also characterizes the LREE-depleted samples; we have shown above that the U enrichment is the fingerprint of highly evolved fluids. By analogy with the proposed LREE enrichment mechanism, the HSE compatible in mss (IPGE þ Rh þ Pt) were readily buffered by the surrounding mss matrix, thus leaving a 'residual' fluid highly enriched in Re, Pd, Au and As in the uppermost part of the rock column.
Re^Os isotopic composition (whole-rock and sulphide)
Sulphide addition via metasomatism obviously has an effect on the Os isotopic composition. Whole-rock 187 Os/ 188 Os can be as high as 0·1756 (sample Pg-6). The most radiogenic samples are S-rich and LREE-enriched. Figure 17 shows that, despite the extreme heterogeneity between aliquots, the most radiogenic compositions are obtained for samples with high (4PM) S*/Se and Os/Ir. In each of the three samples analysed in duplicate, the analysis with the higher 187 Os/ 188 Os ratio displays the higher Os concentration (Fig. 13b) . These features, along with the correlation between 187 Os/ 188 Os and S* (Fig. 13d) , demonstrate unequivocally that the whole-rock Os-isotope composition was shifted towards extremely radiogenic compositions during the metasomatic process. Although the massive addition of Type-2 sulphide would appear as the most obvious process to explain these trends, mass-balance considerations suggest that another process is required; the low Os contents of Type-2 sulphides need to be balanced by extremely radiogenic compositions. For instance, Type-2 sulphides in Pg-6 represent more than 80% of the sulphide population but contribute only %12% of the Os budget. Thus, the whole-rock 187 Os/ 188 Os composition cannot be accounted for simply by a mixing process via the addition of radiogenic Os. This is also shown by the lack of covariation between 1/Os and 187 Os/ 188 Os (Fig. 13b) addition via sulphide addition (e.g. Pg and Pg-5) and isotopic re-equilibration of pre-existing sulphide with a radiogenic Os-bearing fluid (e.g. Os; both are breccia-hosted xenoliths with the highest degree of sulphide alteration (c. 73 and 68%, respectively). It could be envisaged that Re is leached out by low-temperature water-rich fluid during the formation of Fe-oxyhydroxide (Luguet et al., 1999) . This deuteric fluid could be enriched in radiogenic (i.e. crustal) Os. Thus the removal of Re will be accompanied by an increase in radiogenic Os sequestered in the newly formed Fe-oxyhydroxide. However, Re and Se are correlated, and Se is not affected by weathering (Lorand et al., 2003a) . Re abundances in sulphide grains in Mtf-37 (0·04^5·4 ppm) span the same range as for less altered samples such as Pg-5 (Re ¼ 0·05^4·1ppm; Alt-S% % 17%). Pg-45 and Pg-46 are also breccia-hosted xenoliths with sulphide alteration levels of 47^45%, and do not show the negative 187 Re/ 188 Os^1 87 Os/ 188 Os correlation. Finally, such negative correlations are also found in a xenolith from Montboissier (French Massif Central) that contains extremely fresh metasomatic sulphides hosted in poikilitic cpx ; Van Orman et al., 2001) . Furthermore, sulphides have typical grain sizes between 50 and 100 mm, and are thus 101 00 times smaller than typical silicate phases. In Montferrier more than 95% of the sulphides are interstitial and thus could be readily equilibrated. In this process, the low Os concentration of the fluid would be compensated by the integrated fluid/sulphide ratio. Sulphides are trace phases (50·1% by volume of the whole-rock); this low sulphide volume significantly reduces the fluid/sulphide ratio required for re-equilibration. In addition, as discussed below, the Os isotopic composition of such metasomatic fluids could be extremely radiogenic (i.e 187 Os/ 188 Os ) 1); thus the fluid/sulphide ratio needed to significantly increase the 187 Os/ 188 Os ratio of the sulphide might not be very high. Finally, the peculiar sheared microstructure of the xenoliths, and the geodynamic context of the Montferrier volcanic province, notably its connection with the Cevennes Fault (Fig. 1) , suggest the existence of a major lithospheric shear zone beneath Montferrier. Mantle fluid flux was probably focused and enhanced within such a structure. We also noted that all samples showing this inverse ReÔ s relationship have high U/Th ratios, including the Montboisssier sample (Mbs-1; Alard et al., 2002) . The U fractionation relative to Th has been here tentatively ascribed to the occurrence of U in the mestasomatic fluid in its most oxidized form U 6þ instead of U 4þ . The fO 2 may have an influence on the behaviour of Re and Os in this fluid and relative to the sulphide matrix. Re may become more incompatible and partition more readily into the fluid. In this scenario, the extent to which each sulphide in its microstructural environment would be isotopically homogenized would depend on the fluid path and on the connectivity of the system. The latter parameter should be high given the deformed nature of the Montferrier xenoliths. Although this scenario is qualitatively attractive, it remains a hypothesis and requires further testing, which is beyond the scope of this study, given the number and variety of parameters that must be tested, and the lack of partition coefficient data between such fluids and sulphides for HSE. Nevertheless, the percolating fluid must have had a highly radiogenic composition ( 187 Os/ 188 Os40·18).
Relationships between sulphide, siderophile and chalcophile elements and metasomatic processes
Reports of metasomatic alteration(s) of the chalcophile and HSE abundances of various mantle sections have significantly increased in recent years (Brandon et al., 1996; Alard et al., 2000 Alard et al., , 2002 Lorand & Alard, 2001; Lee, 2002; Lorand et al., 2003b Lorand et al., , 2008a Lorand et al., , 2009 Chesley et al., 2004; Luguet et al., 2004; Pearson et al., 2004; Powell & O'Reilly, 2007) . The Montferrier xenolith suite arguably represents the best-documented example of sulphide metasomatism. Indeed, with S contents as high as 622, and with (Pd/Ir) N and 187 Os/ 188 Os reaching 2 and 0·17, respectively, the Montferrier xenoliths provide an extreme example of metasomatic alteration of chalcophile elements and HSE. However, numerous studies have reported similar metasomatic enrichment in LILE and LREE, without massive sulphide enrichment or significant HSE fractionation (we consider here only peridotite xenoliths hosted in alkali basalts).
The most patent effect of metasomatism is the crystallization of metasomatic phases (i.e. modal metasomatism) such as amphibole, phlogopite, feldspar, apatite or carbonate. In this respect we would argue that the relationship with 'hydrated' minerals such as amphibole or phlogopite is not really established. For instance, amphibole-bearing samples in the Massif Central or from the No¤ gra¤ dĜ o« mo« r volcanic field (Hungary^Slovakia) do not show higher sulphide abundances than the amphibole-barren ones (Szabo & Bodnar, 1995; Lorand & Alard, 2001; Lorand et al., 2003a) . Wilson et al. (1996) reported occasional sulphide^amphibole associations in a xenolith suite from Dish Hill (California); these contain up to 20% amphibole, yet S contents remained below the primitive upper mantle (PUM) value and only one amphibole-rich sample showed a significantly fractionated PGE pattern. Those workers concluded that overall, amphibole-bearing REE-rich samples did not show appreciable enrichment or fractionation of PGE.
In contrast, the relationship between carbonate and sulphide is almost systematic. Several reserchers (e.g. Dautria et al., 1992 Dautria et al., , 2006 Ionov et al., 1993; Kogarko et al., 1995; Jakni et al., 1996; Lorand et al., 2004; Powell & O'Reilly, 2007) have described sulphide globules associated with newly formed phases directly related to the percolation^reaction of carbonatite melt such as carbonate and/ or wehrlitic reaction zones containing cpx II AE olivine II AE phologopite and/or amphibole AE (K-)feldspar or glass AETi-oxide AE Cr-spinel (II). In most cases the sulphide assemblage is metal-rich (pn^cp AE po) and especially Cu-rich (i.e. cp !10%). When data are available, whole-rock S contents are relatively high, at least 501 00 ppm more than in non-metasomatized peridotites from the same locality. In agreement with their sulphide mineralogy (cp !10%) such samples often show high whole-rock Cu contents and high Pd/Ir (Alard et al., 2000; Lorand & Alard, 2001; Lorand et al., 2004; Powell & O'Reilly, 2007) . However, S/Se remains within error of or slightly lower than the chondritic ratio (Lorand & Alard, 2001; Lorand et al., 2003a Lorand et al., , 2004 , in agreement with the preferential partitioning of Se into Cu-rich sulphides (Peach et al., 1990) . Cu-rich pentlandites in such metasomatic carbonate/wehrlitic reaction zones have high (Pd/ Ir) N and 187 Os/ 188 Os as high as %15 and 0·176, respectively (e.g. Alard et al., 2000; Powell & O'Reilly, 2007) .
Peridotite xenoliths devoid of such modal metasomatic imprints, but from the same localities, often equilibrated at slightly lower temperature (i.e. T BK90 9508C); they are characterized by abundant CO 2 -rich polyphase inclusions containing minute sulphide blebs. In several cases, sulphide grains (4 10 mm) have petrographic and compositional characteristics contrasting with the Cu-rich sulphide associated with the carbonate/wehrlitic reaction zones described above. These sulphides show abundant flame-like pn exsolution within (Ni-rich) po, and low abundances of Cu-rich phases ( 5%), as described from Montferrier. Lorand et al. (2004) noted that Kerguelen mantle xenoliths showing such features had high S/Se ratios (up to 10 000), coupled with superchondritic (Os/ Ir) N and strong Pd enrichment. As discussed above, the geochemical characteristics of these sulphides strongly suggest that they are related to C^H^S^O AE Cl-rich fluids and not to a melt. The spatial association of sulphideĈ O 2 fluid and sulphide^carbonate^silicate metasomatic assemblages suggests a genetic relationship through 'fractional crystallization' and liquid^liquid immiscibility between these two metasomatic occurrences of sulphide (e.g. Frezzotti et al., 2002) .
On the basis of incompatible trace-element patterns, we argued that such metasomatic fluids could be produced by differentiation through melt^rock reaction of a basaltic [ocean island basalt (OIB)-like] melt. This scenario was convincingly proposed for the Sidamo (East Africa) and Tok (Siberia) xenolith suites (Bedini et al., 1997; Ionov et al., 2005 Ionov et al., , 2006a . Apatite-bearing samples from both suites show pronounced enrichments in LILE and LREE derived from the enclosed sulphides (fO 2 % FMQ þ 2, Eggler & Lorand, 1993) are consistent with oxidizing conditions generated by CO 2 -bearing fluids and with experimental work on siderophile and chalcophile element mobility discussed above (Wood, 1987) . In this scenario, the highly radiogenic Os isotope composition could have been inherited directly from the carbonatite component or developed during the storage of a high-Re/Os carbonatite-like compound in the deeper levels of the mantle lithosphere.
Our data emphasize once again the strong relationships between C-bearing fluids and S. This association is also reminiscent of the overabundance of sulphide inclusions in diamond (e.g. Deines & Harris, 1995) , which also indicates a relationship between these two phases. However, the exact nature of this relationship remains unclear. Are they both major components of the same mantle fluid, or does sulphide play only a catalytic role in diamond formation, notably through a reduction effect on CO 2 (e.g. Palyanov et al., 2007) ? Our study as well as the numerous occurrences of S-and C-bearing metasomatic assemblages and fluid inclusions reported in the literature testify that S and C are significant components of mantle fluids (Andersen et al., 1987; Kovalenko et al., 1987; O'Reilly & Griffin, 1988; Dautria et al., 1992 Dautria et al., , 2006 Ionov et al., 1993; Kogarko et al., 1995; Jakni et al., 1996; Alard et al., 2000; Lorand & Alard, 2001; Frezzotti et al., 2002; Lorand et al., 2004; Frezzotti & Peccerillo, 2007; Powell & O'Reilly, 2007; Montanini et al., 2011) . Several researchers have suggested that CO 2 is the prevailing deep fluid component and exerts a strong control on mantle melting (e.g. Presnall & Gudfinnsson, 2005; Dasgupta & Hirschmann, 2006) . We also suggest that S-compounds (H 2 S, SO 2 , S 2 , etc.) could also be significant components of such fluids and may modify the systematics of chalcophile and siderophile elements in the Earth's mantle.
C O N C L U D I N G R E M A R K S
The Montferrier xenoliths demonstrate that the sulphur content and sulphide abundance and composition, as well as the HSE systematics and Os isotopic composition of the upper mantle, can be significantly modified through metasomatism, even with small melt volumes and/or volatile-rich fluids and without obvious mineralogical reactions in the percolated rock (i.e. cryptic metasomatism from the silicate point of view).
The exact nature and origin of the percolating melt or fluid responsible for the so-called 'carbonatite' trace element signature is debatable. For instance, recently Ionov et al. (2006a,b) argued that the presence of apatite or the replacement of opx by cpx (i.e. 'wehrlitization') and 'carbonatite' trace element signatures are not unambiguous indices of carbonatite metasomatism, but instead are more likely to be produced by reaction with evolved SiO 2 -undersaturated alkali silicate melts. Our results, combined with literature data, suggest that a distinction between the different types of metasomatic agent could be possible using sulphide and HSE characteristics. Percolation^reaction of carbonatite melt or derived fluids in the lithospheric mantle leads to significant enrichment in sulphide, pronounced fractionation of the HSE, and Os-isotope compositions more radiogenic than the PUM and most OIB lavas (i.e. !0·14). In contrast, interactions with OIB-type SiO 2 -undersaturated alkali silicate melts do not lead to massive sulphide crystallization, large fractionations of the HSE, or significantly radiogenic Os-isotope signatures ( 187 Os/ 188 Os 0·14). The abundances of chalcophile and siderophile elements and the Re^Os isotopic composition of the Montferrier sulphides clearly have been extensively modified by volatile-rich metasomatism. The exact modality and effects of this metasomatic alteration remain complex and partly elusive. The data presented here suggest that the observed PGE^Os fractionation probably occurred through two non-exclusive processes: sulphide addition and sulphide re-equilibration. However, the peculiar sulphide mineralogy and the specific fractionations observed in chemical proxies such as S/Se, Os/Ir and Pd/Pt suggest that these enrichments in the Montferrier xenoliths probably did not occur via a sulphide melt. Rather, these geochemical features suggest that S and other chalcophile and siderophile elements were present as dissolved species in an oxidizing (!FMQ þ1), volatile-rich fluid.
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